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I. INTRODUCTION

A. Historical
4

Dithizone [Formic acid, (phenylazo) thio-2-phenylhydrazide] was
first reported and studied by Emil Fischer in the 1870s.(1) The compound is a useful and sensitive organic analytical extractant in the
solvent extraction of metal Ions.(2) Most studies on dithizone and
Its extraction characteristics have been aimed at development of analytical techniques.
In recent years, many authors(3-6) have studied extraction from
the standpoint of rates of extraction using numerous ligands.

These

studies have been theoretical in nature and have determined rate -onstants, rate laws and postulated mechanisms for these extractions.

One

qualitative study of particular interest to this work was by Bjerrum
and Poulsen.(7) Their studies consisted of a comparison of relative
rates of formation of metal chelates at low temperature in methanol.
- 4

A

difference in the rates of forration of Cu(II) and Ag(I) dithizonates
was reported.
The first practical application of extraction rate was by Irving,
Andrew, and Risdon.(8) These authors used the difference in extraction
rates In chloroform to separate the rapidly extracted Hg(II) dithizonate
from the slowly extracted Cu(IT) dithizonate.

In 1950, Polamey and Wish

(9) used the difference in the rates of extraction of the thenoyltrifluoroacetone chelates of Fe(III) and Be(II) to remove iron contamination in
the preparation of carrier-free radioberyllium.

1

McKnvney and Freiser (10)

2
have separated Cr(III) from Al(III), Fe(III), Ti(III), Mo(VI), and V(III),
(IV), and (V) by using differential kinetic methods on the acetylacetone
chelates of the metals.
The second order rate constants for the extraction of Zn(II), Ni(II),
and Co(II) with dithizcne in chloroform at 25°C. were reported by McClellan
and Freiser.(11) McClellan and Snbel, (12) using the reported constants,
developed a scheme of separation of metal ions based on the relative rates
of extraction.

The most efficient separation was obtained between Zn(II)

and Ni(II), the former extracting 4000 times faster than the latter.
rate constant for Co(IT) was 60 times greater than that for Ni(II).

The
Under

optimum conditions of pH, ligand concentration, and extraction time, 95.8%
of the Co(II) and 32.5% of the Ni(II) were extracted.
efficient separation of the study.

This was the least

The separation of Zn(II) and Co(II)

was attainable, despite a smnll difference in rate constants, by the control of pH.

At a pH of 5.0, 95.9% of the Zn(II) and 8.6% of the Co(II)

were extracted.(12)

B. Statement of Purpose
It was the purpose of this work to study the extraction of Cu(II)
and Ag(I) with dithizone in chloroform.

This particular pair of ele-

ments was chosen for study for several reasons.

The most prominent of

these reasons is that these two elements are found together in nature
and are often found combined in manufactured products.

Reing in the

same periodic group, they exhibit similar chemical characteristics making
them difficult to separate without special nrecedures.

These similar

chemical characteristics make the analysis of these elements difficult
when in the presence of each other.

Finally, it is of importance that

both elements are extracted quantitatively at the sare pH by dithlzone.

for

3
Separation based on relative rates of extraction appeared to offer a
potential solution to the efficient separation and analysis of traces
of copper and silver.

C. General
This study was conducted with metal ion concentrations in the
range of parts per million and used batch extraction techniques to study
the non-equilibrium extract!on of Cu(II) and Ag(I) dithizonates.

Con-

trary to other authors, atomic absorption was used exclusively for the
analysis of phases.
The two main areas of investigation in this study were:
1. Separation of copper and silver
2. Reaction rate studies of Cu(II)
dithizonate extraction
Separation of copper and silver.-The relative rates of water
exchange and relative rates of extraction of Cu(II) Jrld Ag(I) have not
been studied.

From their difference in size and charge, it could be

predicted that the rate of exchange of coordinated water and the subsequent extraction would proceed at a higher rate in the case of Ag(I)
as compared to Cu(II).

In this study the predicted difference in rates

of extraction between Cu(II) and Ag(I) was used to effectively separate
the two elements by non-equilibrium extraction with dithizone in chloroform.
Reaction rate studies of Cu(II) dithizonate extraction.-The use
of batch extraction techniques to study the reaction rate of suitably
slow extraction rates is well known.(3-5, 11, 13) It

as found in this

study that the extraction of Cu(II) dithizonate was in the proper range
to he studied by these methods.

The rate constant and governing rate law

J4
were determined by two methods.

In one method, stoichiometric quantities

of the reactants were used and the concentration of one reactant was followed during the course of the reaction until the reaction was nearly
complete.

Calculated initial rate data and "initial-rate type" data

were also used to verify results of the other method.

In strongly acid

solutions, it is postulated that the reacting species may both be positively charged, alluding to a reasonable concentration of a protonated
dithizone molecule.

•

ear

•
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II. SEPARATION OF COPPER AND SILVER AND
EXTRACTION RATE STUDIES OF COPPER(II)

A. General
The separation of Cu(II) and Ag(I) by their different rates of
extraction with dithizone in chloroform has been shown in this study to
be feasible.

The method is applicable to the metal ions in concentra-

tions as low as one part per million.

The separation depends on the

faster rate at which P0-(I) is extracted by dithizone in chloroform compared to Cu(II) in the same system.
were used for the acueous media.

Highly acidic perchlorate solutions

The extraction rate of the Cu(II)-

dithizone system was studied In the range of 0.05M to 4M HC104 with
chloroform as the organic solvent.
Preparation and purification of reagents.-Water used in this study
was initially deionized with a Parnstead deionizer (Barnstead Co., Boston,
Mass.).

The water was further purified by distillation from acidic KMA04

solution.

E2ch charge of the distillation apparatus contained 5 g. KMn104

and 15 ml. concentrated H2SO4 in approximately 1.7 1. of water.

As the

water was distilled and collected, the still pot was regularly refilled
to the 1.7 1. capacity with boiling deionized water.

The K4nO4 was nor-

mally expended after 4 to 5 refills of the still pot.

After the Wn04

was expended, indicated by the loss of the purple color of the solution,
the still pot was cleaned with co,-centrated HC1 and recharged.
It is la-own that water from local water systems contains organic
species (14) not removed by delonizers.(15) Also, deionizers themselves
.•••

5
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may introduce organic impurities.(16) Many organic compounds, such as
resins from deionizers, which contain donor atoms like N, 0, P or S are
capable of coordination with metal ions like Ag(I) and Cu(II).

Because

of the trace concentrations of metal ions employed in this study, removal
of these organic species, even though in trace quantities, was deemed
imperative to prevent possible interference.

The strong oxidizing media

of acidic permanganate digests organic matter and converts it to carbon
dioxide and water and possible non-volatile ash.

Furthermore, the high

extinction coefficient of K1n0 solutions in water allowed the detection

4

of "carry-over" of solids by the pink to purple hue imparted to the
"purified" water.
The distilling apparatus used was constructed of Pyrex glass which
was acid-washed and leached prior to use.

Ground glass connections were

ungreased and an electric mantle was used for heating.

To prevent ebul-

lient entrainment and "carry-over" of solids, a column packed with pieces
of glass tubing was placed directly above the still pot.

The colloidal

droplets in the vapor stream experienced numerous velocity changes passing through the packed column.

The velocity changes cause collisions

with the fluid film on the sides and column-packing material enabling
the entra=ent of the droplet spray.

The distilled water was collected

at a rate of 350 to 400 ml./hour in a pre-treated Pyrex vessel and stored
in Nalgene polyethylene containers.

Atomic absorption was used regularly

to assure the absence of Mn contamination.

Such contamination also would

have been indicative of solids "carry-over."
Chloroform, A. C. S. Reagent Grade from J. T. Paker Chemical Co.,
was used as supplied except for a reductant wash.

For economic reasons

and to prevent the emptying of quantities of the chlorinated hydrocarbon

7
into the local water supply, chloroform, after use, was stored and later
purified as needed.

The method of purification follows that of Bambach

and Rurkey.(17) The "used" chloroform and "used" chloroform-dithizone
solutions were combined and stored in amber bottles.

Each storage vessel

contained, at the outset of collection, a volume of ethanol equal to 0.5%
of the total volume of the vessel.

No effort was made at the time of

storage to separate either colloidal water droplets in chlorofoimdithizone solutions or excess aqueous phase from extraction samples.

A

mechanical separation of the aqueous and organic layers constituted the
initial step of the purification procedure.

One liter of the separated

chloroform was then washed with 200 ma. of water.

This chloroform, in

turn, was washed twice with 100 ma. portions of concentrated sulfuric
acid.

If coloration persisted in the chloroform. layer, it was washed

with 100 ml. of 1.3M aqueous ammonia and then washed with 100 ml. of concentrated sulfuric acid.

The chloroform, stabilized with 5 ma. of 95%

undenatured ethanol, was stored overnight over calcium oxide powder.
Purified chloroform was obtained by decanting and distilli.ng through an
all-glass still.

The pure chloroform was collected in an amber bottle

containing a volume of absolute undenatured ethanol equivalent to 1% of
the capacity of the bottle.

The "used-and-purified" chloroform and rea-

gent grade chloroform were both further purified just prior to the preparation of all dithizone solutions.

The final purification step con-

sisted of a wash with a 0.5% hydroxylamine hydrochloride solution which
had been made alkaline to phenol red with arronia.

7ach liter of chloro-

form was washed with 100 ma. of the hydroxylamine solution.
Dithizone, A. C. S. Reagent Grade, as supplied by flatheson, Coleman and Bell, has a minimum assay of 85%.

An adaption of the method of

Landry and Redondo (18) was used for purification of the dithizone and
standardization of its solution.

A calculated amount of dithizone (with

20% excess to correct for losses in manipulation and purity of reagent)
was dissolved in approximately 100 ml. chloroform.

This solution was

extracted with portions of 1.3M aqueous ammonia until no green color
remained in the chloroform layer.

The collected reddish-orange aqueous

solution of dithizone was carefully filtered with Whatman No. 40 ashless
filter paper to remove suspended droplets of chloroform.

The ammonical

solution was then neutralized with 5.8M hydrochloric acid.

The neutrality

point was easily recognized by observing that the bluish-black dithizone
no longer precipitated and the reddish-orange color in the solution had
disappeared.

The stock solution of dithizone was then prepared by extrac-

ting the precipitate with 500 ml. chloroform.

The solution was dried and

clarified by filtration through clean ashless filter paper.

Each .,00 ml.

of the stock solution was stabilized with 2.5 ml. absolute undenatured
ethanol.
The stock solution of dithizone was normally prepared to be
1 x 10-3 1, or approximately so, in dithizone.

The solutions used in the

extraction experiments were prepared by a treatment similar to the preparation of the stock solutions.

An aliquot of the previously standard-

ized stock dithizone solution was taken and purified.

The volume was

carefully measured and anticipated losses were corrected for
to prepare the solution at the desired concentration.

in order

The volume of

stock solution was then extracted with 0.15N aqueous ammonia.

As with

the stock solution, the ammonical solution was filtered, acidified, and
the precipitated dithizone taken up In the appropriate volume of chloroform.

Absolute undenatured ethanol in the same proportion as in the
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stock solution was added.
At the beginning of the study, problem were encountered with the
stability of the dithizone solutions.

Because of the depletion of the

supply of reagent grade chloroform, it had been reasoned that spectral
grade solvent could be used satisfactorily.

It was well known that

chloroform solutions of dithizone are light sensitive.(17, 19) However,
an examination of the dilute dithizone solutions showed decoloring
occurred in about 3 hours; examination showed that it was unaffected by
the presence or absence of light.

The stability of dithizone solutions

prepared with reagent grade chloroform and spectral grade chloroform
showed the spectral grade solvent to be unsatisfactory for use in the
dithizone solutions, the spectral grade dithizone solutions being completely decolorized in less than 4 hours.

It is believed the 0.75% ethanol

added by the manufacturer to the reagent grade solvent as a stabilizer,
but not to the spectral grade solvent may have been the factor involved.
This stabilization with ethanol of the pure solvent, as well as the procedure described above for repurified solvent, have been found to be the
best method of minimizing deterioration of dithizone solutions.(20)
The standardization of dithizone solutions was accomplished by
diluting an aliquot of the solution to an appropriate absorbance value
with chloroform and measuring the absorbance of the solution versus
chloroform at 606 nm (A

) on a Cary 14 Recording Spectrophotoreter.
max

The

concentration was calculated using Peer-Larbert's Law which states:

A = abC

[l]

where A is absorbance, a is the extinction coefficient, b is the path
length, and C is the concentration.

Matched cells of 1 am. path length
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were used in all absorbance measurements.

The extinction coefficient

for dithizone in chloroform used in this study was 40.6 ± 0.5 x 103 1.
-1
-1
moles cm. .(18)
The aqueous metal ion solutions were prepared from the hydrated
-4
metal perchlorates. Stock solutions were prepared in the range of 10 M
in the respective metal ions.

The silver perchlorate stock solution was

prepared by dissolving 0.1134 g. of the reagent in 1 1. of water producing
-4
a 5 x 10 M solution.

The copper perchlorate stock solution was prepared

with 0.1322 g. of the reagent in 1 1. of water producing a 3.6 x 10-4M
solution.

Other concentrations and a solution containing both metal ions

were prepared by dilution from these stock solutions.

The silver per-

chlorate (AgC104.H20) was supplied by G. Frederick Smith Co. and the
copper perchlorate [Cu(C104)2-6H20] by Alfa Inorganics, Inc.
were prepared from perchloric acid (70%) as
'
Buffer solutions
supplied by Mallinckrodt.

A 101'l stock solution of perchloric acid was

prepared by diluting 1690 ml. of the concentrated acid to 2000 ml. with
water.

The stock solution was standardized with standard NaOH using

phenolphthalein as an indicator. Other buffers of different hydrogen
Ion concentrations were prepared by standard dilution methods from the
10.03M stock solution.
Reagent grade acetone was further purified by distillation through
an all-glass still.

All other solvents and reagents used in this study

were reagent grade quality and were u:ed without further purification.
1Th1s term is not used in the strict context of a solution containing a weak acid and its conjugate base. It is, however, a solution
in which pH chances are small upon addition of small amounts of hydrogen
or hydroxide lens. With reference to the system studied, the total
five
amount of hydrogen ion available from the ionization of dithizone is
ation.
concentr
ion
hydrogen
the
total
orders of magnitude less than
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Analysis of samples.-A Ferkin-Elmer Model 303 Atomic Absorption
Spectrephotoreter with appropriate hollow cathode tubes was used throughout the study for analysis of aqueous and organic layers of the extraction systems.

The trace concentrations employed in the study demanded

high precision and sensitivity for the analyses.

The required sensitiv-

ity was achieved by use of the most sensitive spectral lines for the elements studied.

Instrumental parameters such as lamp current, burner

height, slit width, fuel and oxidant ratio and aspiration rate were
adjusted for each element to give maximum sensitivity.

Copper standards

were prepared from Certified Atomic Absorption Standard as supplied by
Fisher Scientific Co.

Silver standards were prepared from a stock solu-

tion of 100 ppm which was prepared by dissolving silver wire (99.5 to

99.8 pure, Sargent Scientific) in nitric acid and diluting with water to
the apprepriate volume.
Stock and working standards were stored in polyethylene containers.
The working standards were prepared to contain concentrations of acid
identical to the acid concentrations of the samples being analyzed.
These precautions were taken to ensure that bulk matrix and acid interference would not affe-t the analyses.(21) Working standards were
4

freshly prepared from stock solutions approximately every 6 weeks during
the study.
For the analysis of an extraction phase, approximately 15 ml. of
the phase to be analyze.d was taken as a sample.
4.

Samples of standard

•

concentrations inclusive of those anticipated in the sa.rules were aspirated into the flame and the percentage absorption recorded for each.
Each sale was then aspirated and the percentage absorption recorded.
The percentage absorptien of the standards was determined aRain to check
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the reproducibility of the readings.

To correct for instrumental drift,

the instrument was zeroed between each standard and sample with a metalfree solution, which :as identical to standards and samples in other
respects.
The percentages of absorption for standards and samples were
converted to absorbance readings by reference to a standard table.

The

two percentages of absorption for the standards were averaged prior to
conversion to absorbance.

The absorbances of the standards were then

graphed versus the known concentrations of the standards to prepare
the calibration curve.

The curve thus obtained was used to read directly

the concentrations of the analyzed samples.

A typical calibration curve

is shown in Figure 2.
Special problems arose in the analysis of the chloroform phase
with atomic absorption.

Several authors have pointed out the reasons

for not using chloroform in atomic absorption, reasons such as the formation of poisonous combustion products, incomplete combustion in the
flame and "undesirability."(22-24) Pains, (25) however, claims chloroform is a satisfactory solvent for use in atomic absorption.

As most

atomic absorption installations are vented by overhanging hoods and the
most urevalent solvent in atomic absorption, water, is "incompletely cambusted," the first two reasons for not using chloroform are questionable.

4

It !s the experience of this author that chloroform is indeed undesirable for use in atoric absorption.

The aspiration of chlcroform into

the flame produced a highly unstable flame with intense backf7round radiation.

Conseouently, no reproducible analyses could be performed using

chloroform as solvent.
The problems encountered with chloroform as a solvent were
.00

Fig. 1. Typical atomic absorption calibration curve
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circumvented by a scheme to use a more suitable solvent in the actual
analysis.

Standards were prepared by evaporating 25 ml. of pure dithi-

zone solution (identical solution to that used in the extraction experiment) just to dryness in a 50 ml. volumetric flask.

The evaporation

of the chloroform from the dithizcne solution was realized by drawing
laboratory air through the flask while heating the flask with a Corning
electric hot plate at its lowest tenperature setting of approximately
60°C.

The residue was taken up in a small amount of distilled reagent

acetone and the appropriate volumes of aqueous metal standard solutions
were added to yield the desired concentrations.

Water was added to those

standards containing lesser amounts of the aqueous metal standard so that
all standards had the same percentage water (6% volume-volume) and would
have identical bulk matrix and burning qualities.
then diluted to the mark with acetone.

The standards were

Samples were prepared by taking

exactly 5 ml. of the organic layer to be analyzed and transferring it to
a 10 rd. volumetric flask.

The chloroform was evapopated and the resi-

due taken up wit:1 acetone as described above for standards.

The loss

of copper and/or silver by volatilization of their dithizonates was
assumed to be ner-lip-ible since ifabuchi (26) has reported no volatilization of either at 150°C. in 15 minutes.

Water was added to match the

percentage water of the standards and the flasks were filled to the mark
with acetone.

This substitution of acetone for chloroform gave a stable

flame and allowed the reproducible analysis of organic phase sample.
Replicate samples provided the main criteria for judgement of the
reliability of all analyses.
OW; layer.

Most analyses were done only on the ague-

However, in the organic phase analysis described above, both

phases were analyzed.

The total concentratTon of silver added in the
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aqueous layer at the outset of the extraction was 2.50 ppm.

At the com-

pletion of the extraction, an average of 2.50 ppm silver was found in
the organic layer and an average of 0.02 ppm silver was fotInd in the
aqueous layer.

The total of 2.52 ppm was within experimental error.

The total concentration of copper at the outset of extraction was
1.09 ppm.

After the extraction run, the average concentration found in

the aqueous layer and organic layer respectively was 1.06 ppm and 0.02 ppm.
The total of 1.08 ppm was also within experimental error.

This provided

an additional assurance of the reliability of the analyses.
Since concentrations of silver in the aqueous phase often ranged
from "none detectable" to just above the detection limit, it seemed desirable to check sensitivity and ability of the instrument to differentiate
between two low concentration samples (0.05 ppm and 0.10 ppm).

The

instrument read the respective percentages of absorption reproducioly
and gave significantly different readings for the different concentrations.
B. Expentrental
The extremely low concentrations of cation and ligand used in the
study were cause for concern in obtaining reproducible data.

Previously

published data on the separation by differential rates of extraction of
Zn-Ni and Ni-Co pairs provided a test of experimental technique.(12)
Good agreement (with the above-mentioned data) could be obtained, but
only by optimizing the instrumental parameters in the analysis and by
carefully controlling the experimental variables in the extraction
procedures.
Extractions in this study were carried out in an Eberbach Water
Path Shaker (Eberbach Corp., Ann Arbor, Niich.) usin,-. only till'? Internal
heater for control of htgher than ambient terueratures.

A stirrer was
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added to provide a more even temperature distribution and to provide more
sensitive cycling of the thermostat.

Temperatures below ambient tem-

perature were achieved by circulation of ice water through a cooling
coil immersed in the bath.

Ice water was pumped by a variable speed

centrifugal purp from a large bath.

The heater thermostat was set to

turn on the internal heater when the bath temperature became as low as
desired.

Temperatures above and below ambient temperature were con-

trolled to ±0.5°C.
Extractions in the separation study were by batch extractions in
250 ml. glass bottles fitted with polyethylene caps.

This size was

chosen to fit the shaker stand of the water bath shaker.

All extractions

in the study were with phases of equal volume and a total volume per batch
extraction of 40 ma.

The acid b'affer solutions and metal ion solutions

were first prepared to be double the concentrations desired in the extraction.

Then 10 rl. of the acid buffer solution and 10 ma. of the metal

ion solution were pipetted into the extraction vessel and equilibrated
in the water bath for 15 minutes.

Smell bottles with exactly 20 m2. of

dithizone solution of the desired concentration were equilibrated at the
same time.

To begin an extraction, the sample extraction vessel and the

respective bottle of dithizone were taken from the thermostatted bath.
The dithizone solution was poured, with minimal mixing of the phases,
into the extraction vessel with the aqueous layer.

The extraction vessel

was immediately placed in the shaker stand and the shaker started.
was noted from the start to the stop of shaking.

Time

The shaker was set at

the highest speed of shaking (approximately 180 to 200 vibrations/minute)
for the entire study.

It was found that essentially no mass transfer

occurred when the phases were not Intimately dispersed in each other.

41,
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Even though unnecessary from the standpoint of mass transfer, the phases
of a sarzle, after shaking, were allowed only to separate momentarily
before taking a sample to be analyzed.

The phase or phases to be ana-

lyzed were separated using clean, dry 50 ml. pipets to draw off approximately 15 ml. of the desired layer.

The samples were delivered into

clean, dry 40 ma. glass bottles fitted with polyethylene caps.

The

sales were analyzed as described above.
In the extraction rate portion of the study, batch extraction was
also used.

Following the example of other authors in the research area,

(3, 5, 11, 13) a separate batch extraction was used for each time interval.

The experimental set-up was the same as used for the separation

portion of the study.

All reaction rate measurements were taken at 30°C.

To determine the rate law for the extraction, non-stoichiometric
batch extractions were run over a short time interval.
of dithizone and copper were separately varied.
held constant while the other was varied.
to precede to a maximum of 40% completion.

Concentrations

One concentration was

The extractions were allowed
T:io stoichlometric extraction

runs, as mentioned below, were used to determine initial rate data to
support the "initial-rate type" data collected to 40% completion.
To augment results of the initial rate and "initial-rate type"
data and get a value for the specific rate constant, k, extractions were
done where the reactants were in stoichiometric proportion:

[Cu] = /
12[-12Dz]
(27, 28) and the concentration of the metal ion was followed with respect
to time.

The pH dependence of the extraction was studied by holding ini-

tial concentrations of the metal and ligand constant while varying the pH.

19
The hydrogen ion concentration was varied between the values of 0.05M
and 4M using perchloric acid buffer solutions.

III. RESULTS AND DISCUSSION

Although the study of kinetics of extraction of various systems
has come into pruldnence in the last two decades, the use of these studies
for practical analytical applications has been minimal.

To the knowledge

of this author, only four papers have been published on the use of differential extraction rates for the separation of metal ions.

The papers

have dealt with the separation of Hg(II) from Cu(II) (8), Be(II) from
Fe(III) (9), Cr(III) from other metals encountered in ferrous analysis
(10), and Zn(II), Ni(II), and Co(II) from each other.(12) McClellan and
Sabel (12) and this author concur in the merit of more studies on the
separation of metal ions by solvent extraction based on differential
kinetics.
In selecting a system for the study of the differential rates of
extraction, it was desired to find a system in which the study could
likely be of practical value.

In this respect, the copper-silver system

was found to be well suited.
Both Cu(II) and Ag(I) are selectively extracted from other metals
by dithizone at pH 1.(2)

However, they can not easily be separated from

each other by extraction methods without additional special techniques.
Hence, it can be seen that the separation of Cu(11) from Ag(I) based on
differences in their rates of extraction could have practical value.
In general, any metals which are selectively exLracted at significantly different pH values can be efficiently separated by pH control
alone.

For example, a sample which contained Co(II), which extracts
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selectively at pH 8-9 (2), and Ag(I), which extracts selectively at pH 1,
could easily have its constituents separated.

The separation is more

difficult when both metals in a sample are extracted selectively at the
same pH.

Masking agents may be used for separations such as these, but

a method relying only on a non-equilibrium extraction, rather than the
arklition of a masking reagent and possibly ether contamination, presents
a powerful and efficient way of separating the metals.
In the practical vein, it is of interest to note that standard
methods of analysis for copper and silver require extraction methods.
In these methods, concentrations of copper rust be reduced to a noninterfering level in an analysis for silver. (29) Conversely, in an
analysis for copper, silver, as well as several other rretals, must be
absent. (30, 31)
Basal° and Pearson (32) have noted the effect of the three variables of charge of the metal ion, size of t}e metal ion, and crystal
field stabilization on the rates of exchange of water molecules from the
first coordination sphere Of metal ions.

The rates of exchange closely

follow the rates of water substitution, indicating that the ratedetermining step in these type reactions is the removal of a water molecule from the coordination sphere of the metal ion.

McClellan and

Freiser (11) have shown that the rate constants of extraction for Zn(II),
Ni(II), Co(II), and Cd(II) parallel the rates of water exchange with three
substituted diphenyltIdocarbazones.
These ohrervatic,ns allow for a simple, though not Ltrict, rule by
which relative rates of extraction of metals may be predicted qualitatively.

In general, the rate of exchange of water molecules on a

metal ion, the rate of substitution on a metal ion, and the rate of
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extraction of the metal ion is higher with smaller charge and larger size.
Conversely, the rates are lower for larger charge and smaller size. (See
Table 1.)

Crystal field stabilization must be used to explain some ancm-

alies in the variation of rates, but is not generally needed for qualitative predictions.
TABLE 1
VARIATION OF RATES OF SUBSTTTUTION FOR METAL IONS
OF DIFFERING IONIC RADIUS AND IONIC CHAR(Fa
Ion
+
Li
+
Na
+
K
+
Rb
+
C
Cs

Radius
0
.68 A

.97
1.33
1.47 •
1.67

n
W
'(7se
m. E

0 e•

Ion
+2
V
+2
Ni
+2
Co

Radius

Ion

.88 r

Fe

.69

0
R:
;...) re

.72

Fe
+2
Mn
+2

Radius

+3

,--t- pi,

Ni
+
Li

.69

.68

(1) U)

i--•

.74

.8o

cr

.89
b
.72

+2
Cu

aRate data from reference 32; Radius data from reference 33.
b
Anomalies explained by crystal field theory.
In the case of the CU(II)-Ag(I) system, a much faster rate for
0
Ag(I) is predicted due to both charge and size. (Silver radius = 1.26 A)
(33)

When the influence of charge on rate is opposite to the influence

of size on rate, qualitative predictions are extremely difficult.

The

variables, in the last case, would have to be auantized to give a qualitative prediction of relative rates.
At the outset of this study, no experimental data existed for the
comparison of the relative rates of extraction of Cu(IT) and Ag(I) with
dithizone in an organic solvent.

It was therefore necessary to gain

some knowledge of the relative rates of extraction experimentally.

Initial

experiments with only silver in the aqueous layer quickly showed the
411,

23
extraction to be rapid with almost complete extraction in 30 minutes.
These initial experiments were in 0.1M HC104 buffer with 2.41 x 10-5M
silver and 8.62 x 10-5M dithizone at 25°C.

In an attempt to slow the

reaction, the buffer was made IM in HC104.

Using the same reagent con-

centrations at 25°C., the extraction was shown to be ccaplete in 5 minutes.

Experiments with copper (approximately 1.9 x 10-5M) in the aque-

ous layer in a 1M HC104 buffer revealed that a high percentage (approximately 85%) of the copper remained in the aqueous layer after 5 minutes
extraction with 8.62 x 10-5M dithizone.
The temperature and the hydrogen ion concentration were manipulated
in an effort to lower the rates of the extractions.

Two extraction runs

over a longer time period (to determine whether or not earlier extractions
were at equilibrium) were done at 5°C. and 30°C.

In the extraction at

5°C., 9.53 x 10-5M dithizone and 1.04 ppm copper were used. In the
extraction at 30°C., 9.64 x 10-54 dithizone and 1.17 ppm copper were used.
At 30°C., 0.26 ppm copper was extracted in 2 hours.
copper was extracted in 2 houl.s.

At 5°C., 0.13 ppm

After correction for concentration

differences, this data gives an energy of activation value of 3.8 kcal./
mole for the extraction of copper with dithizone in chloroform.

It should

be emphasized that this value is only an estimate and that only two data
points were used in arrival at the value.

No systematic study of the

temperature dependence of the extraction rate was performed.

An increase

in hydrogen ion concentration to Lim at 5°C. caused no observable difference (essentially quantitative at all acid strengths) in the rate of silver
extraction, but increased the rate of copper extraction slightly.
Because of the lack of significant advantage of lower temperatures
and the added problems of maintaining temperatures below or near ambient
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temperature, the remainder of the study was done at 30°C.

At 30°C. the

separation of silver from copper was found to be feasible based on the
differential rates of extraction.

Maintaining the 4M HC104 buffer and

extraction time at 5 minutes, 98.5% of the silver was extracted with
only 1.4% of the copper being extracted.

A stoichiometric excess of

approxirately 1.6 times the dithizone needed was used for extraction.
The high degree of separation attained compares favorably with other
published data concerning separations using differential rates of
extraction. (12)
The high acid strength was maintained in the separation since
earlier attempts at separation at lower acid strengths had proven to be
much less efficient.

It is speculated that the higher acid concentration

also accelerates the rate of silver extraction, perhaps moreso even
than copper.

The silver concentration is lowered rapidly along wiuh

the dithizone concentration in the organic layer.

This lowering of the

dithizone concentration could account for the lesser extraction of copper
at higher acid concentrations.
was purely arbitrary.

The choice of a 5 minute extraction time

However, it is reasoned that a longer extraction

time would be detrimental to the efficiency of the separation.

Shorter

extraction times become experimentally difficult.
Attention must be addressed to the fact that not all samples in
a typical analysis will contain equal, or alproximately equal, amounts
of the two metals.

In the case where there is a relatively high concen-

tration of silver, as compared to coprer, no problem exists in the separation, as some levels of copper are tolerated in the determination of
1
silver. (29) The case of nearly equal amounts of the metals has been
treated in this study. (i.68 x 10-5M copper and 2.41 x ]0-5M silver) In
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the case of a high concentration of copper, as compared to silver, lower
concentrations of dithizone (stoichiometric, or nearly so, to the amount
of silver) could be used with short extraction times to remove the silver.
Upon the successful completion of the effort to separate copper
and silver by their differential rates of extraction, it was deemed
feasible to do a quantitative study of the rate of copper extraction with
dithizone in chloroform.

In the separation study, the rate of extraction

of copper, with the low controlled concentrations of the ligand and copper, was found to have a moderate enough rate for study of the extraction in reasonable time periods.

A rate study was a convenient extension

of the separation studies, both using the same experimental set-up.
Geiger (34) has done a "brief study" of the kinetics of copper
extraction with dithizone in carbon tetrachloride.

The reaction was

concluded to be overall third order, the dithizone dependence betz.,;
squared.

It was found that the rate of extraction was independent of

pH between 0 and 2.

In the present work the reaction rate of the copper

extraction with dithizone in chloroform was studied.

It may be noted

that in other works where a stngle metal ion was studied, with respect
to kinetics, in both CHC13 and CC14 an anomalously high rate of extraction in CC14 has been noted.

When the difference in reagent distribu-

tion is corpared between the two solvents, a rate increase of 15-fold
is expected.

A rate increase of 58-fold has been observed. (4) To the

knowledge of this author, no work on the comparison of extraction rate
laws of a single metal ion using the two solvents, CHC13 and )014, has
been done.
Alimarin, Zolotov, and Bodnya (35) express concern over the rate
of phase rixing in the study of extraction rates.

411,

These authors make
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reference to the "kinetic" region and "diffusion control" region of
extraction rates.

Since extraction requires mass transfer between two

phases, these authors reason, the rate of extraction at lower rates of
phase mixing could be controlled by diffusion processes.

When the rate

of diffusion exceeds the rate of the chemical reaction occurring, the
"kinetic" region of the extraction rate would have been reached.

An

independence of mixing rate or a dependence on pH of the extraction
rate would be indicative of the "kinetic" region.

Freiser (36), on the

other hand, dismisses any effect of diffusion or mass transfer, the rates
being quite rapid, on the rate of extraction.

With respect to the copper

and silver system, this author agrees with the latter author.

The silver

extraction, which proceeds essentially to completion in less than 5 minutes, provides a good estimate of how fast an extraction could proceed,
in the system studied, if kinetic considerations would allow.
Extraction data collected for the determination of the extraction
rate law and extraction rate constant are contained in Tables 2, 3, and

4. For the collection of this data, a stoichiometric preportion of copper and dithizone and a constant pH of I was used in all runs.

Ey doing

this, the reactants are kept in a simple proportion to each other through
the entire run.

This procedure simplifies the reaction study of the

otherwise complicated A + 2B -->C case of the various integrated form
rate laws.

For example, a reaction having the above mentioned stoi-

chiometry which is first order in both reactants would have an integrated form like:

- 2a

in

a(b - 2x)

kt

2]
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TABLE 2
nACriON DATA FOR COPPERa WITH DITHIZCNE
IN CHLOROFORM AT 30°C. (0 - 90 MIN.)
Run 2

R111 1
Titre
.h
(min.) Aqueous
Organic
0
15
30
45
60
75
90

Aqueous

b
Organic

5.73 ppm 0.00 ppm
4.86
.87
4.58
1.15
4.16
1.57
1.84
3.89
• •
- •
. .
• •

2.76 ppm 0.00 ppm
2.63
.13
2.48
.28
2.37
.39
2.33
.43
2.22
.54
2.14
0.62

a
One ppm copper = 1.57 x 10 -II.
b
Obtained by subtracting aqueous concentrations from initial aqueous concentration.
TABLE 3
EXTRACTION DATA FOR COPPER WITH DITHIZONE
IN CHLOROFORM AT 30°C. (0 - 180 MIN.)

Time
(min.)
0
30
45
60
90
120
150
180

Run 4

Run 3
Lqueous

Organica

5.65 ppm 0.00 ppm
• •
.
4.16
1.49
3.32
1.85
2.08

2.33
3.80
3.57

Aqueous

a
Ornnic

5.62 ppm 0.00 opm
.

•

2.88
1.52
1.74
1.34

2.74
4.10
3.88
4.28

Run 5
,
Organica
Aqueous
5.60 ppm 0.00 ppm
i4.44
1.16

•
3.70
1.68
2.27
1.37
1.64

1.90
3.92
3.33
4.23
3.96

aCbtained by subtracting aqueous concentrations from initial
aqueous concentration.
3

if the reactants were not in strichlometric proportion.

In equation 2,

a is the initial concentration of A, b is the initial concentration of
B, x is the reaction co-f:xdinate, k is the rate constant, and t is time.
This integrated rate expression, When reactants are in stoiChiometric
•
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TABLE 4
EXTRACTION DATA FOR COPPER WITH DITHIZONE IN
CHLOROFORM AT 30°C. IN POLYETHYLENE
(0 - 180 MIN.)
Run 6

Time

Run 7

Aqueous

a
Organic

Aqueous

a
Organic

5.46 ppm

0.00 ppm

5.40 ppm

0.00 ppm

30

4.24

1.22

1.62

3.78

60

1.73

1.28

4.12

90

0.99

3.73
4.47

0.57

4.81

120

0.73

4.73

0.56

150
180

0.54
0.56

4.92
4.90

0.58b
. .

4.84
4.82
. .

0

a
Obtained by subtracting aqueous concentrations from initial aqueous concentration.
b
Average of two samples of sane timing.
proportion, simplifies to:

7,7 [A] - 2kt
where [A] is the concentration of A at time t and

[3]

[A]o is the initial

concentration of A.
When the reaction is third order in overall reaction order,
first order in A and second order in B, in the case of the stoichiometry A 4- 2B ---> C, the integrated form of the rate law becomes even
morP cumbersome:

1 [ 1
2a - b b -

1 ,

a(b
E

2x)
3TF

kt

where the symbolism is the same as contained in equation 2.

[4]

The third
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order expression is also simplified by the special case where reactants
are kept in a simple proportion.

The integrated rate laa takes the form:

1

1
[A]2

[5]

8kt

[A]
(
)
2

where the symbolism is the same as contained in equation 3.
The data were interpreted by graphical means.

Plots of time ver-

sus the log of the concentration, time versus the reciprocal of the concentration, and time versus the reciprocal of the concentration squared
were used.

A straight line fit was obtained with the tine versus the

reciprocal of concentration plot, indicating an overall second order
reaction. (See Figures 2-6).

The t = 0 point was weighted as the most

reliable and other points were averaged for the best straight line.

The

slopes of these lines, by reference to equation 3, are equal to 2k.
Table 5 gives a sum-nary of the late constants evaluated for each set of
data up to 90 minutes extraction time.

The k value shown is in proper

order, with regard to relative rates of water substitution (32), with
calculated extraction rate constants frum published data. (11)
TABLE 5
CALCULATED SECOND ORDER RATE CONSTANT, k, VALUES FOR EXTRACTION
OF COPP-H WITH DITHIZONE IN CHLOROFORM AT 30°C.
Run

k (1.(1min.-1)

1

39.7

2

51.0

Average k =

148.8

-1
1.M lnin.

45.0
Li

60.0

5

48.3
a, ,
v. =

x 100

= 15.4%

Fig. 2. Reciprocal concentration versus time graph for Run 1

:V 140E4 ,

. Reciprocal concentration versus time graph for Run 2

Fig. 4. Reciprocal concentration versus time graph for Run 3
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rIP

Fig. 5. Reciprocal concentration versus time graph for Run 4

Two points do not determine a straight line; however, evaluating
data only to 90 minutes extraction time leaves Run 4 with but two points
for evaluation.

Fig. 6. Reciprocal concentration versus time graph for Run 5

In Table 4, runs 6 and 7, the data were taken using polyethylene
extraction vessels.

It is readily apparent that a dramatic rate increase

occurs in the polyethylene vessels.

The initial reason for using poly-

ethylene was to circumvent the possible problem of adsorption of copper
to the walls of the glass vessels, causing scatter in data collected
when the copper concentration was lowest (in the later periods of extraction after 90 minutes).

Polyethylene is widely hailed as being chem-

ically resistant, having low metal content, and having minimal adsorption of metal ions. (37) If adsorption of copper were a problem in the
concentration range used and had caused the scatter in the data, the use
of the polyethylene vessels should have decreased the scatter.
In a search for a reason for the observed rate increase in polyethylene, three experiments were conducted.

First, it was reasoned that

If the concentration of chelating ligands had been increased in the
organic layer, a corresponding rate increase would have been observed.
Elasticizers used in some plastics, which in some cases are good ligands,
could be leached out of the plastic by the organic solvent.

To check

this possibility, polyethylene vessels were used in an extraction of an
aqueous layer with pure chloroform.

The experiment showed no evidence

of the presence of complexing ligands from the plastic when no decrease
in the copper concentration in the aqueous layer was detected.
In a second experiment, a comparison was made of possible adsorption differences between polyethylene and glass vessels.

A low concen-

tration copper solution was shaken in each vessel for 15 minutes and
no detectable loss in the copper concentrations was found in either
vessel.

To ascertain any effects the organic solvent might have had on

the polyethylene, a chloroform solution of dithizone was allowed to stand
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overnight in several polyethylene containers.

A physical softening of

the containers was noted the following morning along with a stain, supposedly from the dithizone, which could not be removed from the polyethylene.

Perhaps the difference in the rates could be resolved by

comparison of both systems to the rate of extraction observed in Teflon
containers.

It should be noted that other authors in similar studies

of extraction rates have done the work only in glass. (3, 4, 5, 6, 11, 13)
From a comparison of the data in Tables 2 and 3, it is seen that
considerable scatter occurs in the data when studies were extended past
90 minutes.

This scatter is neither surprising nor excessive for the

type system studied.

Honaker and Freiser (4) explained that after a

relatively short period of time had elapsed, "reverse reactions" could
cause "serious error."

They recomnend the determination of rates toward

the beginning of the extraction.

In the same article, the authors refer

to "sensible" straight lines for a log ([Zn]0/[Zn]t) versus time plot,
again inferring considerable scatter in their data.

The coefficient of

variation (C. V.) of the k values they reported was 33.1%.2 McClellan
and Freiser (11) had a C. V. for their k values for the zinc extracti
on
2
of 30.1%.
The C. V. for the k values reported for the extraction of
copper with dithizone in chloroform in this work, as shown in Table 5,
was 15.4%.
Geiger and Sandell (27) have shown the numerous equilibria associated with an aqueous solution of Cu(II) in contact with a solution of
dithizone in an immdscible organic solvent.

The "feedback," as explained

by Degn (33), required for an oscillating chemical reaction may be
2v
alues calculated by this author.
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possible in the system.

Other examples of oscillating reactions have

involved electrochemical cells and dissolution of chromium in acid. (38)
It is noteworthy that these classical oscillating reactions have involved
two-phase systems.

The scatter occurring in longer extractions could be

from an undampened oscillating rate.
Rate studies of the "initial-rate type" were also done on the
extraction rate.

Table 6 shows a set of data from the studies.

By

examination it is apparent that the overall reaction appears to be second order, the rate law being first order in the metal ion and first
order in dithizone.
TAKE 6
NON-STOICHIOMETRIC EXTRACTiON RATE DATA FOR
COPPER EXTRAUflON FOR 15 miNurEs WITH
DITHIZONE IN CHLOROFORM AT 30°C.
initial
b
[H2Dz ]

Initial
[Cu]

Runa

Avg. [Cu] after
extraction

Ccpper
extracted

1

1.69 x 10-14M (10.80 ppm)

1.60 x l01

8.30 UDM

2.50 ppm

2

1.69 x 10M (10.80 ppm) 3.20 x 10 14!
...
8.45 x 10 -M (5.34 ppm) 3.20 x 10-24„
.,,

6.19 ppm

4.16 ppm
.
2.24 ppm

3

3.10 ppm

aAll extractions at [H+]= 10-114.
T
L II2
DZ

=

Dithizone

The data contained in Table 2, runs 1 and 2, because of the significantly different starting concentrations, were also used to obtain
initial rate data.

fly standard statistical methods (39) for treatment

of nonlinear regression, the best fit of concentration versus time curves
for both runs was obtained.

Tangents to these curves at t = 0 were drawn

and the slopes determamd graphically.

The slopes of these tangents,

143
shown in Figures 7 and 8, are equal to the initial rates of the extractions.

Substituting the relative differences in the concentrations of

the reactants in runs 1 and 2, it was found that a rate law first order
in copper and first order in dithizone fit the data.

The slopes of the

tangents were also determined by evaluation of the first derivative,
at t = 0, of the equation of the concentration versus time curve.

These

values agreed well with the previously mentioned graphically determined
values.
The hydrogen ion dependence of the rate was determined in the
ranges of 0.05M to 0.1M and 2M to 4M.

The molar concentration of the

acid buffer, as determined by volumetric methods, was taken as the total
hydrogen ion concentration because of the difficulty of measuring the
concentration potentiometrically in these ranges.
In the range of 2M to 4M hydrogen ion concentration, a first order
dependence is indicated.

In the same extraction time with identical

initial concentrations of copper and dithizone and hydrogen ion concentratiens at 2, 3, and 411, 6.08, 0.11, and 0.18 ppm copper, respectively,
was extracted.

Although the amounts of copper extracted are small dif-

ferences in relatively large numbers (original concentration minus concentration after extraction), the values indicate a first order dependence on the hydrogen ion concentration.
The data obtained in the range of 0.05M to 0.1M is less consistent
than the data collected at the higher hydrogen ion concentrations.

One

data point in the extraction at 0.1M hydrogen ion is inconsistent with
other data at this concentration.

Physical and statistical reasons for

disregarding this point could not be found.

Hewever, if the point is

averaged with other data at 0.1M, a somewhat less than first order

Fig. 7. Determination of initial rate of copper extraction
dithizone in chloroform at 30°C. (Run 1)

Fig. 8. Determination of initial rate of copper extraction with
dithizone in chloroform at 30C. (Run 2)

hydrogen ion dependence is shown.

This being in unconformdty with the

much greater volume of data indicating an overa
ll second order reaction in
this hydrogen ion concentration range, it
is prcposed that the point could
be invalid. Treating the point as inval
id, the data shows no dependence
on the hydrogen ion concentration in the
range of 0.05M to 0.1M.
The rate law and rate constant determined for
the extraction of
copper at pH 1 with dithizone in chloroform
are consistent with the many
arguments (11, 32) that extraction rates
of metal ions parallel water
exchange rates on the metal ions.

This agreement suggests that the rate

of copper extraction is dependent on the
rate of substitution of dithizone for water in the coordination spher
e of the metal ion.

The lack

of hydrogen ion dependence, at lower conce
ntrations, makes the data
for copper inconsistent with the mechanisms propo
sed by Honaker and
Freiser

(4) and McClellan and Freiser (11). Geiger is said (4) to have

proposed an interfacial mechanism for the extraction
of copper with
dithizone in carbon tetrachloride.

A resolution cf the mechanism would

be aided by studies of the extraction using
several different organic
solvents, similar in chemical Lature, but havin
g widely different
distribution constants for dithizone.

If the chelation occurs in the

aqueous layer, as proposed by Freiser and co-wo
rkers, an organic solvent
with a lower distribution constant (higher reage
nt concentration in
aqueous layer) would show a faster rate of extra
ction.

If the mechanism

is interfacial, solvents with a larger distr
ibution constant (higher
reacent concentration in tho organic layer) would
show a faster rate. (35)
fcClellan and Freiser (11) have studied the influ
ence of ster!Gaily hindering gr'Irs on dithizone on the rate of
extraction of
several metal Ions.

Pecause of a surprising increase in rate with more
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steno hinderance, the authors propose that a change in configuration
and loss of water molecules from the metal ion may be the rate determining step in the extraction.

An interesting extension of this work

and more data for the detemination of a mechanism would be a study of
copper with several substituted dithizones.
The apparent change in dependence on hydrogen ion concentration,
discussed above, is an indication of a possible change in mechanism in
the extraction of copper with dithizcne at higher hydrogen ion concentrations as opposed to the mechanism at lower hydrogen ion concentrations.

A reason for this change in mechanism could be a change in the

species reacting.
Akalwa and Kawamoto (40) have studied the partition of dithizone
between carbon tetrachloride and an aqueous strong acid solution.

They

suggest that the red-violet species, formed in the aqueous layer ,,hen a
carbon tetrachloride solution of dithizone is extracted with a strong
acid solution, is a rrotonated dithizone molecule.

The presence in the

dithizone molecule of several atoms capable of acting as Lewis bases lends
support to this theory.
In a potentioTetric titration of a dithizone solution In aqueous
amonia with sulfuric acid, data was obtained that demonstrated the
formation of a protonated species.

A

'phg

of potential versus milli-

liters of sulfUric acid had the nor1 increase in slope to infinity
at the equivalence point for ammonia and sulfuric acid.

In the immedi-

ate vicinity of this inflection point, the bulk of the dithizone precipitated.

This precipitation of dithizone would indicate the cometion

of the Hpz molecule from the flDz- Ion most likely present in the ammonical solution.

After this point, a flattening of the curve followed by

•••
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another small inflection suggests a protonation.

It is proposed that

this denotes the formation of a protonated
dithizone molecule (H Dz+).
3
The approximate hydrogen ion concentratio
n at the point of the
curve flattening is not as great as
would be expected from the value
of a pKa of -4.55 reported by Akai
wa and Kawamoto. (40) This apparent
discrepancy, the fact that the Akaiwa and
Kawamoto study wqs conducted
in 55 to 62% sulfuric acid (40), and
the presence of several atoms in
the dithizone molecule capable of acce
pting a proton causes the author
to propose that a higher level of
protonation may have occurred for the
pK value reported.
a

The separation of copper and silver by a simple, efficient method
utilizing a non-equilibrium extraction has been demonstrated.

The

method is reliant on the much faster extraction rate for Ag(I), than
for Ou(II), with dithizone in chloroform at 30°C.

The separation is

accomplished by using a relatively short extraction time of five minutes
and somewhat less than double the stoichiametric amount of dithizon
e
needed.

A 4M perchlcric acid aqueous phase appears to optimize the effi-

ciency cf the separation.

Using these conditions, the method of differen-

tial rates separates the metals virtually ouantitatively.

Of the silver

originally in the aqueous layer, 98.5% is extracted into the organic
layer.

Only 1.45 of the copper originally in the aqueous layer is extrac-

ted into the organic layer.

This separation efficiency eompares well to

other separations by differential extraction rate.
The extraction rate study of the Cu(II)-dithizone in chloroform
system indicates first order dependence on both the metal ion concentr
ation in the aqueous layer and the dithizone concentration in the chloroform layer at pH 1.

It is believed, from data collected, the extraction

rate is independent of the hydrogen ion concentration in the area of pH
1.
At higher hydrogen ion concentrations, a fir3t order dependence on
the
hQ/droFen ion was indicated.

The hydrogen ion concentration dependence

or independence, however, is not conclusive.

yore evidence of a pro-

tonated dithizone molecule is presented.
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